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MECHANICAL CHARACTERISTICS OF IMPREGNATED  
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MERBAU EXTRACTIVES AND SELECTED POLYMERISED  
MERBAU EXTRACTIVES
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ABSTRACT
This paper presents results of a study on the mechanical characteristics of impregnated Jabon wood 
(Anthocephalus cadamba) using Merbau extractives (ME) and two types of polymerised Merbau ex-
tractives (PME), i.e PME22 and PME33. A set of tests on hardness, shear, modulus of elasticity (MOE) 
and modulus of rupture (MOR) was conducted according to the relevant standards. Two types qualitative 
analysis by means of FTIR spectra and XRD analysis were carried out to explore relationship  between 
the  mechanical characteristics alteration with physico-chemical characteristics. The results indicated 
that a positive improvement in mechanical characteristics was obtained  for  Jabon  wood  impregnat-
ed  with  PME22  and  PME33.  Surface  hardness  of modified wood samples exhibited higher values 
compared to the non-impregnated  samples for end and side hardness, by 20,04 and 30,54 % (PME22), 
and 32,73 and 39,89  (PME33),respectively. Shear strength increased by 41,87 and 49,58 % (PME22) 
and 74,02 and 79,10 %(PME) for radial (T) and tangential (T) sections,  respectively.  MOE increased 
by 23,52%(PME22) and by 40,12% (PME33), MOR values also increased by 28,50 and 41,19 % after 
impregnation with PME22 and PME33, respectively. The increment of mechanical properties of treated Ja-
bon wood after impregnation treatment using polymerised Merbau extractives were confirmed by FTIR 
spectra and crystallinity (XRD) analysis.
Keywords: Bending strength, crystallinity, FTIR-spectra, hardness, impregnation treatment, shear 
strength. 
INTRODUCTION
Wood production from natural forest resources is significantly decreasing all over the world. One of 
the solutions which are being investigated is the utilisation  of   fast-growing plantation wood which pro-
vides environmental and economic benefits (Chen et al. 2013). Jabon wood (Anthocephalus cadamba) 
is one of potential species to contribute to wood industry as it has a wide range of distribution, is 
easy to cultivate and is adaptive to Indonesia’s natural condition (Mansur and Tuheteru 2010). Jabon 
also grows rapidly, has high cylindricity, not many knots and its wood is easy to work with (Soe-
rianegara and Lemmens 1993, Krisnawati et al. 2011). However, this species also has some weaknesses 
of physical and mechanical properties (Martawijaya et al. 1989). One of the aims of wood modification 
is to improve the wood–moisture relationship. There are many examples of wood modifications which 
resulted in reduction in equilibrium moisture content at a given relative humidity. Consequently, the 
mechanical properties of wood were changed, since it is well known that a reduction in the cell wall 
moisture content results in an increase in the MOE and strength (Dinwoodie 2000). Physical and mechan-
ical properties of low quality wood can be improved by treatment with chemicals (Hill 2006).This can 
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be accomplished by depositing a bulking agent within the swollen structure of the wood fibres through 
impregnation using bulking agents. Most successful bulking agents that have   been commercially 
applied   are   highly water-soluble, thermosetting, phenol-formaldehyde resin-forming systems 
(Rowell 1999). Much earlier wood treatment research conducted in 1950-1960 has found phenol-formal-
dehyde resins to be effective wood treatment agents (Stamm and Seborg 1951, Stamm and  Seborg  1962). 
Since then,  research  on wood  treatment  using  phenol  and  phenolicformaldehyde has been continued 
(Sakai et al. 1999, Deka and Saikia 2000). The InduriteTM Process from New Zealand is another treat-
ment for wood hardening using carbohydrate oligomers and cross-linking condensation polymerisation 
which resulted in higher density and increased compressive strength, as well as enhanced surface hard-
ness. The  performance  of  the  modified  wood  met  the  furniture  manufacturers  requirements (Franich 
2007, Cox 2006, Singh et al. 1999). Treatment of either solid or composites wood using polymer can also 
improve various physical and mechanical properties, such as water repellency, dimensional stability, 
abrasion resistance, surface hardness and fire resistance (Rowell and Konkol 1987, Ibach and Ellis 2005). 
Improvements in the physical properties of wood polymer composites (WPCs) relate to polymer load-
ing, which depends upon the permeability of the wood species and particular pieces of wood (Rowell 
1999). For most species, sapwood usually is more easily impregnated than heartwood (Bergman et al. 
2009). It has been scientifically proven that wood with high density also has high hardness.
The relationship between these two parameters  has  been  extensively  published in several studies 
(Bustos et al. 2009, Doyle and Walker 1985, Dumail and P. Caste´ra 1998, Green et al. 1999, USDA For-
est Serv. 2006, Herajarvi 2004, USDA Forest Serv. 2007). In comparison with the mature wood, young 
timber or timber of fast growing species have lower density, as pointed out by Panshin and De Zeeuw 
(1980). It can be stated that the properties of juvenile wood are characterised by a lower density. The few 
latewood cells in the juvenile zone and a high proportion of cells with thin wall layers result in a low den-
sity and a corresponding low strength in comparison with mature wood (Shmulsky et al. 2011). However, 
young, fast-growing wood can be modified to be denser with various treatment methods.
Previously, Deka and Saikia (2000) impregnated a fast- growing softwood, Anthocephalus  cadamba 
Miq.  using  thermosetting  resins:  phenol  formaldehyde  (PF), melamine formaldehyde (MF) and 
urea formaldehyde (UF). The effects on dimensional stability and strength property of the treatment were 
studied. The results show dimensional stability increases of 70,59%; 68,23% and 48,5% with  about 33 
- 35 % of weight gain (WPG) for PF, MF and UF resins, respectively, when wood samples were treated 
with 30% resin concentration at 90 - 100°C and 5,27 KG/cm2 air pressure. The levels of 33 - 35 % WPG 
resulted in 9 - 15% Bulking Coefficient (BC) and 31 - 47% Moisture Excluding Efficiency (MEE) 
of treated wood. Repeated wetting and drying does not change the value of BC and anti-shrink efficiency 
(ASE) of treated samples. The treatment also increased MOR and MOE by 12 - 20 % and 5 - 12 %, respec-
tively, at 33 – 35% WPG. Information regarding bending characteristics i.e. MOE and MOR are important 
for the engineering design and manufacture of structural lumber and for high value uses of wooden furni-
ture components to ensure time-based performance in service (Ozarska 2009).  In a floor joist, MOE is 
very important because it determines the amount the joist will bend or deflect under load and thus how 
the floor will perform in service (Shmulsky et al. 2011). The aim of this study is to investigate the effect of 
the impregnation treatment using Merbau extractives (ME) and selected polymerised Merbau extractives 
(PME22 and PME33) on  selected  mechanical  characteristics  of  impregnated  Jabon  wood.  The 
mechanical characteristics evaluated were: hardness, shear and bending stiffness/strength (MOE/MOR).
MATERIAL AND METHOD
Specimen preparation
The specimens used in the study were prepared according to Australian Standards for mechanically 
testing  small  clear  specimens  of  timber (Mack 1979) and were of the following sizes:
● 20 x 20 x 20 mm for density and moisture content tests.
● 30 x 30 x 90 mm for hardness test.
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● 20 x 20 x 60 mm for shear test.
● 20 x 20 x 300 mm for bending strength (MOE & MOR).
The samples were taken from the sapwood of 5 years old back-sawn Jabon wood (Anthochepalus 
cadamba (Roxb) Miq) from West Java Province, Indonesia. As the Jabon wood was only 5 years 
old the heartwood part was very small. The test samples were prepared from “clear” and “straight 
grained” wood which did not contain unfavourable features such as knots, cross grain, checks, and splits 
(Green et al. 1999). A total of 768 specimens were prepared and divided into 4 groups based on the type 
of treatment applied, as follows:
•	  UT = Non-impregnated samples (controls)
•	 ME = Impregnated samples using Merbau extractives
•	 PME22 = Impregnated samples using PME22
•	 PME33 = Impregnated samples using PME33.
Impregnating material and treatment
Impregnation material included Merbau extractives (ME) which were prepared using the following 
method.
Merbau wood powder, with a moisture content of 18%, was prepared using a grinding machine. Ex-
traction was done by maceration, in which 500 mL of the powder passed through a 40-mesh screen, 
was dispersed in hot water of 80 °C, and stirred every 3 h at room temperature for two 24-h periods. The 
mixture was filtered with a glass filter, resulting in the separation of the first filtrate (1) and the residue. This 
maceration procedure was repeated for the residue, resulting in a second filtrate (2). The first (1) and the 
second (2) extracts were combined to make a concentrate (with the use of a rotary evaporator), which was 
freeze-dried to powder. The properties the ME have been thoroughly investigated by Malik et al. (2016). 
Hot water was used as the solvent in this study because according to Kislik (2012), water is the best alter-
native for organic solvent. It is environmentally friendly, relatively cheaper, safe, nontoxic, imflammable, 
and recyclable. Merbau extractive (ME), being a water soluble material, is easy to extract by water. 
The polymerised Merbau extractives (PME22 and PME33) were made from the ME which has been 
polymerised in base condition with formaldehyde and resorcinol addition as the copolymer. The resin is 
classified as a resole because the mole ratio of R/F should be <1 or F/R ≥1, and polymerisation can be 
done at room temperature. Impregnation treatment was done in a vacuum-pressure vessel where the wood 
samples were placed into open-top container of a vacuum-pressure unit where connected by a hose to the 
container of liquid of polymerized Merbau extract (PME) that has been prepared. The open-top contain-
er containing the samples was vacuumed using the compressor at the power of 0,1 kg/cm2 for 30 minutes. 
The vacuum was then released and the container was allowed to be filled by the liquid of impregnant, 
so the liquid level was 20 cm higher than the submerged wood samples. Pressure was then applied and 
maintained at 15 kg/cm2 for 1 hour. This procedure was applied for the samples of the three impregnating 
solutions (ME, PME22 and PME33).  After that, all specimens were drained and then put into a condition-
ing room until a constant weight was reached (Malik et al. 2015, Malik et al. 2016, Malik et al. 2018). The 
moisture content of all tested samples was 12% to avoid – according to Rowell (1996) – a misleading 
or even invalid values if the samples were tested at different moisture levels.
The test procedures for mechanical properties assessment
Hardness
Thirty two replicate samples measuring 30 x 30 x 90 mm (ratio 1 : 1 : 3) were prepared from each 
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treatment. According to the “Australian Standards for Mechanically Testing Small Clear Specimens of 
Timber” (Mack 1979), the dimensions of hardness specimens are 50 x 50 x 150 mm,  but the test may  also 
be  made on a specimen of any  other size, as long  as the thickness is  at least  25  mm and  the ratio of 
1:1:3  is  maintained. In this  study  specimen dimensions were 30 x 30 x 90 mm as it was impossible to 
obtain 50 mm thickness. The hardness was tested using an Instron® Universal Testing Machine accord-
ing to the above standard. The hardness test was done on all faces of the specimens to obtain side-hardness 
(4 sides) and 2 cross-sections. The reason for testing all faces of each specimen was to ensure a more 
representative hardness value (Green et al. 2006). Before and after testing, the weight and dimensions of 
each specimen were measured for determination of wood density and moisture content.
Shear
The shear strength test was carried out according to the procedure of Mack (1979). The loading was 
applied continuously throughout the test at a rate of motion of the movable crosshead of 0,6 mm/
min until a break or separation occurred on the surface of the test samples. The test was done on 256 
specimens with 32 repetitions for each treatment on radial and tangential sections.
MOE and MOR
A number of 128 specimens were prepared for bending strength tests (MOE and MOR) using  an 
Instron®  Universal  Testing  Machine  according  to  The  Australian  Standards Procedure  for  Mechan-
ically  Testing  Small  Clear  Specimens  of  Timber  (Mack  1979) for specimen size adjustment. The 
loading rate was 1,0 mm per-minute and the specimens were loaded on the radial face.
Physico-chemical test
The physico-chemical analysis was employed to determine whether there is a chemical change on 
Jabon wood after impregnation treatment that affect the mechanical characteristics. Two methods were 
used:  Fourier Transform Infrared Spectroscopy (FT-IR) that aimed to analysis functional groups and 
finger print alteration and X-Ray Diffraction (XRD) Analysis to determine degree of crystallinity of 
the samples from untreated and treated wood. The amount of 15 mg of treated and untreated samples 
of 120 mesh size were directly used in the FTIR spectroscopy measurement. They were then embedded 
in kalium bromide (KBr) pellets and analysed using a MB3000 (ABB, Canada) spectrometer. They 
were scanned in the absorption mode in the range of 4000 to 500 cm−1 with the resolution of 2 cm−1. 
The crystallinity of the samples from untreated and treated wood was measured using X-Ray  Diffraction 
(XRD) (MAXima_X  Shimadzu®  XRD-7000). The  X-ray  beam  was powered with a 40kV, 30mA 
source and scans made in the range from 0-40 degrees at a scan speed of two degrees per minute. The de-
gree of crystallinity was calculated as the ratio of the intensity differences in the peak positions.
Data analysis
The changes in mechanical properties of impregnated Jabon wood samples were qualitatively 
analysed by comparing through the changes of physico-chemical characteristics of impregnated and 
non-impregnated samples. All data of mechanical properties changes were then analysed by one-way 
analysis of variance to determine if there were any significant differences between the samples. Then, a 
post-hoc multiple comparison by Tukey was done to determine whether there was a significant difference 
between the groups.
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RESULT AND DISCUSSION
Changes in mechanical properties
The changes of physical and mechanical properties of wood can occur by chemical modification 
due  to  changes  in  the  chemistry  of  the  wood  cell  wall  polymers. These properties can vary from 
simple colour change in the wood to major changes in brittleness, hardness, strength, stiffness, density, 
and moisture sorption (Rowell 1996). The changes may include decreasing, increasing, or even no effect 
on the properties, depending on the type of chemical used in the treatment. The results of tests of mechani-
cal properties of impregnated Jabon wood i.e hardness, shear and bending strength are presented in Table 
1. The analysis showed that the density values of the samples were significantly different for different 
treatments (Sig = 0,000) (Table 2). As reported by Malik et al. (2015), the density of Jabon wood 
after impregnating treatment using polymerise merbau extractives – PME22 and PME33 – increased by 
26 and 30 %, consecutively. Generally, almost all mechanical properties of wood are known to be closely 
associated with wood density (Brown et al. 1952, Panshin et al. 1964, Sharp 2003). Table 1 shows that 
there are increments in mechanical properties after impregnation treatment with PME22 and PME33, 
but not in the samples impregnated with merbau extractives (ME).
Table 1: Mechanical characteristics of treated and untreated Jabon wood.
Remarks: MC = Moisture content; UT = Non-impregnated samples (controls); ME = Impregnated samples 
using Merbau extractives; PME22 = Impregnated samples using PME22; PME33 = Impregnated samples 
using PME33.
Table 2: Analysis of variance of and density of treated and untreated Jabon wood samples.
Parameter Sum of 
Squares
df Mean Square F Sig.
Density Between Groups 0,324 3 0,108 738,923 0,000
Within Groups 0,018 124 0,000
Total 0,342 127
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The increment of mechanical properties of treated Jabon wood after impregnation treatment have 
been confirmed by FTIR spectra and crystallinity (XRD) analysis (Malik et al. 2018). A coupling reaction 
between wood and the impregnant can be confirmed by FTIR spectra. The reaction of treated Jabon 
wood by impregnation using polymerised Merbau extractives (PME22 and PME33) was shown by 
the presence of the peaks at 2922,16 (PME22) and 2895,15 (PME33), 2002,11 (PME22) and 1928,82 
(PME33), 1327,03 (PME22) and  1330,88  (PME33),  1033,85  and  1041,56  for  C–H  and  CH3  stretching 
in polymerized Merbau extractives (PME), aromatic combination bands, C–H deformation in poly-
mers (aromatic aldehyde) and C–O ether bond stretching vibrations in PME reaction, respectively, where 
they do not exist in untreated (UT) Jabon wood samples (Malik et al. 2018). This permanent chemical 
presence has not only resulted in the colour change but also in increased mechanical properties. Using 
FTIR spectra analysis to confirm the coupling reaction between solid wood and impregnating material and 
its effect on  the wood mechanical characteristics was also carried out by other researchers (Hamdan 
and Islam 2012, Dong et al. 2016). Hamdan and Islam (2012) showed an optimistic improvement 
in physical and mechanical properties that were confirmed by FTIR spectra. The results revealed the 
reaction of wood based  hydroxyl  groups  with  diazonium  salt  woods  which  were  modified  by  ben-
zene diazonium salt formulation. Using rosin as impregnant, from FTIR analysis Dong et al. (2016) stated 
that there may be hydrogen bonds formed by the reason of the affinity between hydroxyl groups in 
wood and carboxyl groups in rosin, which could improve the interaction between the resin and wood. In 
addition, results of X-ray diffractometer (XRD) analysis showed that the crystallinity of both PME22 and 
PME33 was very low by 8,76 and 10,03%, respectively. However, this resulted in increased crystallinity 
of the impregnated Jabon wood from 46,55% (UT) to 48,25% (impregnated by PME22) and 50,84 
% (impregnated by PME22). In contrast, a decrement of the crystallinity occurred in the samples 
impregnated with ME by 1,02%. According to Santoso (2014), these would have an implication on 
hardness, shear and bending strengths. The changes of crystallinity values are shown in Figure 1.
 
Figure 1: Diffractograph of untreated (UT) and treated Jabon wood samples using ME,
PME22 and PME33. Remarks: UT, ME, PME22 and PME33 refers to Table 1.
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Figure 2: Overlaying diffractograph of the increment of crystallinity treated Jabon wood
samples using PME22 and PME33.
Table 3: Crystallinity and molecular weight of treated and untreated Jabon wood samples.
 
PME22 and PME33 can be classified in low molecular weight (MW) polymerized material (PME22 
= 3164 and PME33 = 3615). Due to the low MW, these materials can penetrate the cell wall of the 
treated wood. Thus, crystallinity of the treated wood with PME22 and PME33 increased, or in other 
words, the increments of crystallinity of the treated wood samples is an evidence that both PMEs penetrat-
ed the cell wall. Crosslinking reaction occurred between functional groups of PMEs and the cell wall mate-
rial. This finding is in line with Wu et al. (2011), who stated that a quasi-crystalline was formed as the 
result of the crosslinking reaction. The crosslinking material not only entered the cell cavity and cell gap, 
but also filled in the cell walls and the micro-fibrils (Wang et al. 2003, Liu et al. 2009, Ma et al. 2013). This 
led to the polymerization between the functional groups of wood and the chemicals  which  resulted  in 
increase  of physical and mechanical properties of the impregnated (Chen et al. 2013). These results 
have been confirmed by this current study as presented in the following sections.
Hardness
Hardness is an important property of timber for various applications such as for flooring, furniture 
and some structural uses. It provides an indication of how well the wood performs in relation to wear and 
denting (Thomas et al. 2009.). Impregnation treatment can improve the hardness, as revealed by many 
researchers. Hamdan and Islam (2012) reported that the hardness of five types of selected tropical light 
hardwoods had higher hardness after impregnation   using   benzene  diazonium  salt, compared to their 
corresponding non- impregnated  control  wood.    The  increase  of  wood  hardness  is  due  to the  in-
crease of interfacial adhesion between the polymer and wood that improves water exclusion, decreases the 
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rate of swelling, and increases hardness of WPC (Ellis and O’Dell 1999). Hardness can be also generally 
enhanced through impregnation and in-situ polymerization (Zhang et al. 2006, Keskin et al. 2004). The 
wood hardness increases with the increasing density (Forest Product Laboratory 1940). According to 
Rowell (1999), the increase in hardness is more than proportional to the increase in specific gravity. 
In present study, as shown in Table 1 and Figure 3 both end- and side- hardness increased following the 
increment in the density from 340 kg/cm3 (UT) to 430 kg/cm3 (PME22) and 440 kg/cm3 (PME33). Sta-
tistically, the differences in hardness increments after impregnating treatment using PME22 and PME33 
were significant as determined by one-way Anova at α = 0,05 (F(3119) = 26,386 Sig = 0,000). Post-hoc 
analysis by Tukey showed that the hardness resulted from impregnating 300 treatment using PME22 (He 
= 3934,43 ± 667,44 N; Hs = 2777,24 ± 418,16 N, Sig = 0,000) 301 and PME33 (He = 4350,52 ± 655,87 
N, Hs = 2976,12 ± 727,85 N, Sig = 0,000) were significantly different from non-impregnated samples/
UT (He = 3277,58 ± 543,68 N, Hs = 2127,45 ± 626,45 N) and from samples impregnated with ME (He = 
3246,0 2345,36 ± 480,33 N). Even, the hardness of impregnated samples using PME22 and PME33 were 
significantly different from each other. There was no significant difference between the hardness of UT 
and ME, as well as their density.
 
Figure 3: Hardness increment of Jabon wood after impregnating treatment using PME22 and PME33: (a) 
End-hardness; (b) Side-hardness.
Shear strength
Shear strength is defined as an ability to resist internal slipping of one part upon another horizontally 
along the wood fibre (Green et al. 1999, Shmulsky et al. 2011). As well as hardness, shear also in-
creased with increased density due to the impregnating treatment (Chow 1966, Rowell 1999). Table 1 
and Figure 4 shows that both radial (R)- and tangential (T)- shear strength increased after impregnating 
treatment using polymerised Merbau extractives (PME22 and PME33) from 6213,49 ± 381,48 kPa (R) 
and 6635,18 ± 704,12 kPa (T) at UT to 8815,20 ± 1367,05 kPa (R) and 9925,31 ± 1668,11 kPa (T) at 
PME22 and to 10812,81 ± 1234,66 kPa (R) and 11883,70 ± 1289,57 kPa (T) at PME33 Jabon wood sam-
ples. Meanwhile, there was no significant improvement of the shear strength of Jabon wood samples after 
impregnating treatment with ME; the shear slightly decreased on radial section. Statistically, the shear 
strength changed after impregnating treatment using PME22 and PME33. The shear values were signifi-
cantly different as determined by one-way Anova at α = 0,05 (F(7248) = 143,460 Sig = 0,000). Further, 
post-hoc analysis by Tukey method showed that the shear values resulted from impregnating treatment 
using PME22 and PME33 were significant different from UT and ME samples both on radial and tangen-
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tial sides. This analysis also revealed that there was a significant difference in the shear strength between 
radial and tangential sides of UT samples. However, there was no significant difference between radial- 
and tangential- shear strength of ME samples.
 
Figure 4: Shear increment of Jabon wood after impregnating treatment using PME22 and PME33. 
UTR = Non-impregnated samples (controls) on Radial section; UTT = Non-impregnated samples (controls) on Tangential section: MER 
= Impregnated samples using Merbau extractives on Radial section; MET = Impregnated samples using Merbau extractives on Tan-
gential section; PME22R = Impregnated samples using PME22 on Radial section; PME22T = Impregnated samples using PME22 on 
Tangential section; PME33R = Impregnated samples using PME33 on Radial section;.PME33T = Impregnated samples using PME33 on 
Tangential section.
Bending strength
Impregnation treatment generally improves flexure characteristics of impregnated wood. In regards to 
using polymeric material as the impregnant, Zhang et al. (2006) concluded that modulus of elasticity 
was enhanced through impregnation and in-situ polymerization. Moreover, the increase of modulus of 
rupture (MOR) and modulus of elasticity (MOE) was related with weight percent gain of the impreg-
nated wood (Deka and Saikia 2000). In line with these earlier studies, it should be pointed out that the 
increments of the flexure characteristics have been also observed in impregnated Jabon wood, as shown 
in Table 1 and Figure 5. From the results presented in Table 1, it can be seen that MOE increased from 
4888,62 ± 734,93 MPa (UT) to 6038,47 ± 658,06 MPa in PME22 samples (23,52%) and to 6849,99 ± 
597,26 MPa in PME33 samples (40,12%). MOE value decreased by -1,04% on impregnated samples 
using ME. MOR values increase by 3,27; 28,50 and 41,19 % after impregnated with ME, PME22 
and PME33, respectively. Statistical analysis indicate that the increments of MOE and  MOR were  sig-
nificantly  different  (F(3124)= 6038,47 MPa, Sig =  0,000  for  MOE; F(3124)= 54,98 MPa,  Sig = 
0,000  for MOR). Furthermore,  post-hoc  analysis  by Tukey showed that MOE and MOR values of the 
impregnated samples using PME22 and PME33 samples were significant different compared to UT and 
ME samples.  The MOE values of PME22 and PME33 samples were also significant different. However, 
the MOR values of PME22 and PME33 samples were not significantly different as well as MOR of UT 
and ME samples and be amorphous area or by para-crystallin of microfibril. In addition by para-crys-
tallin  can be related to crystallization process of cellulose in In addition, Yunianti (2012) reported that there 
is a strong linear correlation (r=0,83) between MOE with- in certain limit - crystallinity. In the present study, 
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as demonstrated in Figure 2 and Table 3, it could be assumed that the increment of the bending strength of im-
pregnated Jabon wood is related to the crystallinity increment. Chen et al. (2013) stated that there is no doubt 
that the mechanical properties are closely related with the strength of the wood cell wall.
 
Figure 5: The increment of bending strength of Jabon wood after impregnating treatment
using PME22 and PME33: (a) MOE and (b) MOR.
CONCLUSIONS
Positive results in improvement of mechanical properties are obtained for Jabon wood which has been 
impregnated  by  polymerised  Merbau extractives  (PME22  and PME22) following the increment of the 
density. Surface hardness of modified wood samples exhibites higher values compared to the non-impreg-
nated samples by 20,04 and 30,54 % (PME22) and 32,73  and  39,89%  (PME33)  -0,94  and  10,24  (ME) 
for  the  end  and  side  hardness, respectively. Shear strength increases by 41,87 and 49,58 % (PME22) 
and 74,02 and 79,10 % (PME) for radial (T) and tangential (T) sections, respectively, compared to non-im-
pregnated samples. MOE increases by 23,52% for PME22 impregnated samples and by 40,12% for 
PME33 samples; meanwhile MOE value decreases by -1,04% on ME impregnated samples. MOR values 
increased by 3,27 28,50 and 41,19 % after impregnation with ME, PME22 and PME33, respectively. The 
increment of mechanical properties on treated Jabon wood after impregnation treatment  using  po-
lymerised  Merbau  extractives  are  confirmed  by  FTIR  spectra and crystallinity (XRD) analysis. The 
increment occurres due to the penetration of the PMEs into the cell wall by crosslinking reaction between 
functional groups of PMEs and the cell wall material and the formation of a quasi-crystalline which is 
shown by increasing crystallinity of the treated Jabon wood.
                Maderas. Ciencia y tecnología 21(4): 573 - 586, 2019
       
Mechanical characteristics..: Malik and Ozarska
583
 
ACKNOWLEDGMENTS
The authors are grateful for the support of the Australian Centre for International AgriculturalResearch 
(ACIAR) for providing funding for this study.
 
REFERENCES 
Bergman, R.; Ibach, R.E.; Lapasha, C.; Denig, J. 2009. Evaluating physical property changes for 
small-diameter, plantation-grown southern pine after in situ polymerization of an acrylic monomer. For-
est Products Journal 59(10): 64-71.
Brown, H.; Panshin, A.; Forsaith, C. 1952. Textbook of Wood Technology Volume II: The Physical, 
Mechanical, and Chemical Properties of the Commercial Woods of the United States, McGraw-Hill Book 
Company.
Bustos, C.; Hernandez, R.E.; Fortin, Y. 2009. Effect of kiln-drying on the hardness and machining 
properties of tamarack wood for flooring. Forest Prod J  59(1/2): 71-76.
Chen, H.; Lang, Q.; Zhang, H.; Wu, G.; Zheng, X.; Pu, J. 2013. Study of Chemical Modification 
by Impregnation of Fresh Poplar Log and By Hot-Press Drying Process. BioResources 8(3): 3924-3933.
Chow, S.Z. 1966. Effect of Resin Impregnated Core Veneer on Shear Strength of Douglas-Fir Ply-
wood. Master Thesis, Faculty of Forestry, UBC. Available from <https://Open.Library.Ubc.Ca/Circle/Col-
lections/831/Items/1.0302266>.
Cox, P.E. 2006. Wood Hardening Procedures. United States Patent Application 20090142613. Avail-
able from <http://www.freepatentsonline.com/y2009/0142613.html>.
Deka, M.; Saikia, C.N. 2000. Chemical Modification of Wood with Thermosetting Resin: Effect on 
Dimensional Stability and Strength Property. Biores Technol 73(2): 179-181.
Dinwoodie, J.M. 2000. Timber, Its Nature and Behaviour 2nd ed. BRE: London.
Dong, Y.; Yan, Y.; Wang, K.; Li, J.; Zhang, S.; Xia, C.; Shi, S.Q.; Cai, L. 2016. Improvement of 
water resistance, dimensional stability, and mechanical properties of poplar wood by rosin impregnation. 
European Journal of Wood and Wood Products 74(2):177-184.
Doyle, J.; Walker, J.C.F. 1985. Indentation of wood by wedges. Wood Sci Technol 19(1): 47-55.
Dumail, J.F.; P. Caste´Ra A.P.M. 1998. Hardness and basic density variation in the juvenile wood of 
maritime pine. Ann For Sci 55(8): 911-923.
Ellis, W.D.; O’Dell, J.L. 1999. Wood-polymer composites made with acrylic monomers, isocyanate, 
and maleic anhydride. Journal of Applied Polymer Science 73(12): 2493-2505.
Forest Product Laboratory 1940. Wood Handbook: Basic Information on Wood as a Material of 
Construction with Data for Its Use In Design And Specifications. US Department Of Agriculture: Wash-
ington.
Franich, R. 2007. The induritee process-a review from concept to business. In: Hill, C. A. S., Jones, 
D.; Militz, H; Ormondroyd, G. A., (Eds.), The Third European Conference On Wood Modification, Octo-
ber 15-16, 2007. Cardiff, UK. Biocomposites Centre, Bangor University: Gwynedd, UK. p. 23-29. ISBN 
                Maderas. Ciencia y tecnología 21(4): 573 - 586, 2019
                                                                                                                
Universidad del Bío-Bío
584
184-220-096-8.
Green, D.; Begel, M.; Nelson, W. 2006. Janka Hardness Using Non Standard Specimens. Wisconsin: 
Forest Product Laboratory.
Green, D.W.; Winandy, J.E.; Kretschmann, D.E. 1999. Mechanical Properties of Wood. Wood 
Handbook-Wood as an Engineering Material. Madison, WI: U.S: Department of Agriculture, Forest Ser-
vice, Forest Products Laboratory.
Hamdan, S.; Islam, M.S. 2012. Impact of chemical modification on the physical and mechanical 
properties of tropical wood material. Advanced Materials Research 576(1): 314- 317.
Herajarvi, H. 2004. Variation of basic density and brinell hardness within mature Finnish Betula 
pendula and B. pubescens stems. Wood Fiber Sci 36(2): 216-227.
Hill, C.A.S. 2006. Wood Modification: Chemical, Thermal and Other Processes. West Sussex, John 
Wiley & Sons, Ltd.
Ibach, R.E.; Ellis, W.D. 2005. Lumen Modifications. In: Rowell, R. M. (Ed.) Handbook of Wood 
Chemistry and Wood Composites. Boca Raton, Florida: CRC Press, LLC.
Keskin, H.; Atar, M.; Yavuzcan, H.G. 2004. Impact of impregnation and bleaching on the surface 
hardness of oak (Quercus petraea L.) wood. Journal of Applied Polymer Science 93(2): 498-504.
Kislik, V.K. 2012. Solvent Extraction: Classical and Novel Approaches.  Elsevier: Oxford, UK. ISBN 
978-0-444-53778-2 
Krisnawati, H.; Kallio, M.; Kanninen, M. 2011. Anthocephalus Cadamba Miq.: Ecology, Silvicul-
ture and Productivity. Bogor, Indonesia: CIFOR
Liu, X.; Xin, W.; Zhang, J. 2009. Rosin-based acid anhydrides as alternatives to petrochemical cur-
ing agents. Green Chemistry 11(7): 1018-1025.
Ma, Q.; Liu, X.; Zhang, R.; Zhu, J.; Jiang, Y. 2013. Synthesis and properties of full bio-based 
thermosetting resins from rosin acid and soybean oil: The role of rosin acid derivatives. Green Chem 15: 
1300-1310.
Mack, J.J. 1979. Australian Methods for Mechancically Testing Small Clear Specimens of Timber. 
Melbourne: CSIRO.
Malik, J.; Ozarska, B.; Dwianto W.; Santoso A. 2015. Effect of Impregnation with Polymerized 
Merbau Extractive on Density and Fixationo f Compressed Jabon Wood. In: Proceedings of the Eighth 
European Conference on Wood Modification. M, Hughes.;  L, Rautkari.; T, Uimonen.; H, Militz.;  B, Junge 
(Eds). Paasitorni, Helsinki, Finland.  26 - 27 October 2015, School Of Chemical Technology, Aalto Uni-
versity.
Malik, J.; Santoso, A.; Mulyana, Y.; Ozarska, B. 2016. Characterization of Merbau extractives as a 
potential wood-impregnating material. BioResources 11(3): 7737-7753. 
Malik, J.; Ozarska, B.; Santoso, A. 2018. Colour changes and morphological performance of im-
pregnated Jabon wood using polymerised Merbau extractives. Maderas- Cienc Tecnol 20(1):91-102
Mansur, I.; Tuheteru, F.D.  2010. Kayu Jabon. Penebar Swadaya: Bogor. ISBN 979-002-458-4 
Martawijaya, A.; Kartasujana, I.; Mandang, Y.I.; Prawira, S.A.; Kadir, K. 1989. Atlas Kayu In-
donesia. Jakarta: Forestry Research and Development Agency.
Ozarska, B. 2009. Engineering properties of selected young plantation-grown Australian hardwoods 
for furniture. Forest Products Journal 59(7/8): 27-30.
Panshin, A., Zeeuw, C.D.; Brown, H. 1964. Textbook of Wood Technology. Volume I: Structure, Iden-
                Maderas. Ciencia y tecnología 21(4): 573 - 586, 2019
       
Mechanical characteristics..: Malik and Ozarska
585
tification, Uses, and Properties of  the Commercial Woods of The United States. New York: McGraw-Hill 
Book Company.
Panshin, A.J.; De Zeeuw, C. 1980. Textbook of Wood Technology: Structure, Identification, Proper-
ties, and Uses of the Commercial Woods of the United States and Canada.  4th Ed. McGraw-Hill: New 
York.
Rowell, R.M. 1996. Physical and Mechanical Properties of Chemically Modified Wood. In: Hon, D. 
N. S. (Ed.).  Chemical Modification of Lignocellulosic Materials.  New York: Marcel Dekker.
Rowell, R.M. 1999. Specialty Treatments. In: Wood Handbook—Wood As an Engineering Material. 
Gen. Tech. Rep. FPL–GTR–113. Madison, WI: U.S. Department Of Agriculture, Forest Service, Forest 
Products Laboratory.
Rowell, R.M.; Konkol, P. 1987. Treatments That Enhance Physical Properties of Wood. Madison, 
WI: U.S. Department of Agriculture, Forest Service, Forest Products Laboratory.
Sakai, K.; Matsunaga, M.; Minato, K.; Nakatsubo, F. 1999. Effects of Impregnation of Simple 
Phenolic and Natural Polycyclic Compounds on Physical Properties of Wood. J Wood Sci 45(3): 227-232.
Santoso, A. 2014. Discussion on the effect of impregnation using polymerised merbau extractves 
(pme) based on Physico-chemical characteristics of the polymer. Pers. Comm.
Sharp, A. 2003. The Mechanical Properties of Wood In: Barnett, J. and Jeromidis, G. (Eds.) Wood 
Quality And Its Biological Basis. Oxford UK and Carlton Australia: Blackwell Publishing Ltd.
Shmulsky, R.; Jones, P.D.; Lilley, K. 2011. Forest Products and Wood Science: An Introduction 6th 
Ed. Wiley-Blackwell: West Sussex.
Singh, A.; Dawson, B.; Franich, R.; Cowan, F.; Warnes, J. 1999. The Relationship between Pit 
Membrane Ultrastructure and Chemical Impregnability of Wood. Holzforschung 53(4): 341-346.
Soerianegara, I.; Lemmens, R.H.M.J. 1993. Plant resources of South-East Asia (PROSEA) 5 (1): 
timber trees: major commercial timber. Pudoc Scientific Publishers: Wageningen, The Netherlands.
Stamm, A.J.; Seborg, R.M. 1951. Resin Treated Laminated, Compressed Wood-Compreg. Report 
No. 1381.
Stamm, A.J.; Seborg, R.M. 1962. Resin Treated Wood-Impreg. Madison, Wisconsin: USDA Forest 
Service, Forest Products Laboratory.
Thomas, D.; Henson, M.; Joe, B.; Boyton, S.; Dickson, R. 2009. Review of growth and wood qual-
ity of plantation-grown Eucalyptus dunnii Maiden. Australian Forestry 72(1): 3-11.
USDA FOREST SERV. 2006. Janka Hardness Using Non Standard Specimens. Forest Products Lab-
oratory: Madison, Wisconsin.
USDA FOREST SERV.  2007. Estimating Janka Hardness from Specific Gravity for Tropical and Tem-
perate Species, Forest Products Laboratory: Madison, Wisconsin.
Wang, F.; Kitaoka, T.; Tanaka, H. 2003. Supramolecular structure and sizing performance of ros-
in-based emulsion size microparticles. Colloids and Surfaces A: Physicochemical and Engineering As-
pects 221(1-3):19-28.
Wu, G.F.; Jiang, Y.F.; Qu, P.; Yao, S.; Pu, J.W. 2011. Study on compressed wood with urea-formal-
dehyde prepolymer. Materials Science Forum 675-677(71-78): 411-414.
Yunianti, A.D. 2012. Karakteristik Struktur Nano Dinding Sel dan Kaitannya Dengan Sifat-Sifat 
Kayu: Studi Kasus Kayu Jati Klon Umur 7 Tahun (Nanostructure Characteristics of Cell Wall and Their 
Relationship to Wood Quality: Case Study in 7-Years-Old Cloned Teak). Doctoral, Bogor Agricultural 
University (IPB).
                Maderas. Ciencia y tecnología 21(4): 573 - 586, 2019
                                                                                                                
Universidad del Bío-Bío
586
Zhang, Y.; Zhang, S.Y.; Chui, Y.H.; Wan, H. 2006. Effect of impregnation and in‐situ polymer-
ization of methacrylates on hardness of sugar maple wood. Journal of Applied Polymer Science 99(4): 
1674-1683.
